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SUMMARY 


Terrestrial animals have adapted to a constant gravitational stress over millions of years. Tissues 
of the cardiovascular system and lumbar spine in tall species of animals such as the giraffe are par- 
ticularly well adapted to high and variable vectors of gravitational force. Swelling of the leg tissues 
in the giraffe is prevented by a variety of physiological mechanisms including (1) a natural “anti- 
gravity suit,” (2) impermeable capillaries, (3) arterial-wall hypertrophy, (4) variable blood pressures 
during normal activity, and (5) a large-capacity lymphatic system. These adaptations, as well as a 
natural hypertension, maintain blood perfusion to the giraffe’s brain. The intervertebral disk is 
another tissue that is uniquely adapted to gravitational stress. Tall and large terrestrial animals have 
higher swelling pressures than their smaller or aquatic counterparts. Finally, the meniscus of the 
rabbit knee provides information on the effects of aging and load-bearing on cartilaginous tissues. 
Such tissues within the joints of animals are important for load-bearing on Earth; these connective 
tissues may degenerate during long-duration space flight. 


INTRODUCTION 


Life on Earth has evolved under the constant force of one gravitational unit (lg). The importance 
of this gravitational field as an environmental factor is supported by the extent and diversity of 
physiologic adaptations to pressure gradients in living systems. When the force of gravity is 
removed, some physiologic systems are greatly affected (Lenfant and Chiang, 1982). Various organs 
and organ systems exhibit unique mechanisms of adaptation to gravity to accommodate stresses 
caused by their columns of fluid and forces of movement (Hargens, 1986). Tissues of particular 
interest in this chapter include the intervertebral disk, the meniscus, and tissues of the cardiovascular 
system. The developing giraffe has served as an important experimental model to provide informa- 
tion about tissue adaptations for increased load-bearing with growth. Implications of the results of 
these studies will be extended to the microgravity environment of space. 

These studies were supported by grants from the National Science Foundation (DCB-8409253), 
the National Institutes of Health (HL-32703), the National Geographic Society (3072-85), the 
Veterans Administration, and NASA. Professor Wouter van Hover and the Department of Zoology, 
University of Pretoria, provided giraffes and facilities for our 1985 giraffe physiology expedition. 

Dr. D.G.A. Meltzer and Roodeplaat Research Labs, Dr. Richard Burroughs and the National Zoo- 
logical Gardens in Pretoria, and Dr. Frik J. Stegmann and the University of Pretoria Veterinary 
School at Onderstepoort contributed veterinary support for our giraffe studies. Dr. Paul Calle, of 
the Cheyenne Mountain Zoo, and the Cincinnati Zoo provided giraffe specimens. 


SWELLING PRESSURES OF THE INTERVERTEBRAL DISK 


The intervertebral disk is an important weight-bearing tissue. Each disk consists of a negatively 
charged nucleus pulposus (primarily proteoglycan macromolecules) confined by a collagenous 


annulus (fig. 1). The disk absorbs shocks and allows flexibility of the spine during various activities 
and postures. Increased loading on the spine during spinal muscle contraction or weight-bearing 
causes fluid loss from the disk, whereas decreased loading (e.g., during sleep) allows fluid influx 
into the disk. The disk is implicated in the etiology of back pain and the increased height of astro- 
nauts during weightlessness. However, little information is available about swelling pressures within 
the disk, because of methodological problems of measuring these pressures, which typically range 
between 1 and 3 atm. These swelling pressures are a function of fixed charge density of the proteo- 
glycans, with a small contribution from their osmotic and excluded-volume effects (Maroudas et al., 
1985). 

Cavitation (air-bubble formation) on the side of the membrane opposite the sample of nucleus 
pulposus usually occurs when the swelling pressure of the nucleus pulposus is measured in a stan- 
dard osmometer. With this in mind, we used a modification of the compression technique developed 
by Hammel and Scholander (1976) and Scholander et al. (1965) to approach thermodynamic equilib- 
rium. We employed a compression-type osmometer (fig. 2) to investigate swelling pressures of the 
intervertebral disks of various animals as related to development and gravitational stress (e.g., terres- 
trial versus aquatic environment). 

Fresh samples of the central, gelatinous nucleus pulposus were obtained from intervertebral disks 
of rats, rabbits, pigs, humans, and various aquatic species. In rabbits, swelling pressure increased 
from 1.20 ± 0.20 atm at 3 mo to a maximum of 5.05 ± 0.85 atm at 1 yr of age (fig. 3). Disks of older 
rabbits had lower swelling pressures, a finding that was previously documented in older humans 
(Urban and McMullin, 1985). Swelling pressures of mammalian disks were highest in the lumbar 
region. Swelling pressures of disks of aquatic species (frogs and various fishes) were essentially 
zero, correlating with the relatively low gravitational stress in their environment (fig. 4). In mam- 
mals, however, swelling pressures did not always correlate directly with degree of weight-bearing 
(weight of the animal, or quadrupedal versus bipedal stature), although the highest pressures 
measured were in the giraffe (fig. 5). 

In summary, aging has a great effect on swelling pressure of the intervertebral disk. Disk hernia- 
tion in humans seems to correlate with middle age, when swelling pressure of the nucleus pulposus 
is maximal. Aquatic species have the lowest swelling pressures, correlating with the relatively low 
gravitational stress in their environment. In mammals, this correlation with gravitational stress does 
not always exist, but better age or develop mentally matched studies are needed to resolve this issue. 
The effects of weightlessness on intradiskal swelling pressures are currently under study in the Space 
Physiology Laboratory at Ames Research Center. 


CELLULARITY AND NUTRITION OF THE RABBIT MENISCUS AS MODIFIED BY AGE 


The meniscus, an important load-bearing structure of the knee, is prone to degenerative midsub- 
stance tears during middle age. It has been postulated that the central core of the meniscus is less 
well nourished than the periphery is, and that with aging a further nutritional loss induces a degen- 
erative process that produces horizontal cleavage tears (Peters and Smillie, 1972). 
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Development of the rabbit meniscus was investigated as a function of growth (increased body 
weight) and age. We compared cell density, sulfate uptake, and the effects of a reproducible form of 
exercise — continuous passive motion (CPM) — versus immobilization (IMMOB) in menisci of young 
vs. old rabbits (Hargens et al., 1988). Forty-eight New Zealand white rabbits were used, of which 24 
were young (0.5 yr, approx. 3 kg) and 24 were old (3.5-6.0 yr, approx. 5 kg). Each rabbit was killed 
by intravenous anesthetic overdose, after which 35-S-labeled sodium sulfate (100 [iCi in 0.! ml 
saline) was injected into both knees. Moving each leg three times through its range of motion dis- 
tributed the isotope throughout each knee. One limb was placed on a CPM device (fig. 6) for 4 hr 
(flexion range 40°-130° at 6 cycles/min), while the contralateral limb remained immobile. Medial 
and lateral menisci were then removed, given four 1-hr washings in 10% buffered formalin, sec- 
tioned, and processed for emulsion autoradiography. Serial sections were cut from the anterior, mid- 
dle, and posterior meniscal thirds. The amount and location of sulfate uptake were determined by 
counting the number of labeled cells and the total number of cells in a counting grid placed over five 
distinct areas (fig. 7): regions 1, 3, and 4 represented the superficial margins, and regions 2 and 5 
represented the central core. Differences between means were examined statistically by ANOVA or 
paired t tests with significance set at p < 0.05. 

Total cell density of right and left knees combined was significantly lower for the old rabbits 
than that for the young rabbits in both medial menisci (fig. 8) and lateral menisci for every region. In 
the old rabbits, there was no significant regional variation in cell density, whereas in the young 
rabbits, the superficial regions 1,3, and 4 had higher cell density than the central core regions 2 and 
5. Young rabbits had significantly more labeled cells in superficial regions than in deep regions, but 
old rabbits had uniformly low numbers of labeled cells in all regions (fig. 9). CPM significantly 
increased the uptake of 35-S sulfate in most of the superficial and deep regions of menisci of young 
rabbits, but had no effect on 35-S sulfate uptake in the old rabbits. Similar results were obtained for 
the anterior, middle, and posterior thirds of both medial and lateral menisci. 

These results suggest that CPM, a mild form of passive exercise or mechanical stress, may be 
more beneficial to young than to old menisci in increasing cellular activity and/or convective trans- 
port in avascular regions. Also, our results may provide insight into the etiology and healing capacity 
of degenerative midsubstance tears in menisci of young versus old patients. 


THE GIRAFFE AS A MODEL OF TISSUE-MORPHOLOGY ADAPTATIONS TO 

GRAVITATIONAL STRESS 


Compared to our knowledge of its effects on bone and muscle, relatively little is known about the 
effects of microgravity on other load-bearing structures such as connective tissues. Furthermore, 
more studies of developmental biology are needed to elucidate mechanisms by which various tissues 
adapt to bearing increasing weight on Earth. Such investigations may provide important information 
concerning readaptation of space travelers to the Earth’s gravity after prolonged weightlessness. 

With this knowledge, countermeasures against atrophy and/or degeneration of load-bearing tissues 
may be developed more easily. 
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The giraffe, Girajfa Camelopardalis, is an important mammalian model for developmental stud- 
ies of tissue adaptation to bearing increasing weight. Whereas giraffes develop in a quasi-weightless 
milieu as fetuses, after birth they must contend with increasing load-bearing in their dependent 
tissues as they grow to heights of over 5 m and weights of over 1000 kg. 

Cardiovascular and Meniscal Responses 

We have obtained preliminary data concerning developmental alterations in load-bearing tissues 
of newborn and adult giraffes (Hargens et al., 1988). In this section, emphasis is placed on vascular- 
wall thickness in relation to local blood pressure and on meniscal adaptations to increased load- 
bearing in the developing giraffe. (Other load-bearing tissues such as bone, muscle, intervertebral 
disks, cartilage, ligaments, tendons, fascia, and veins await investigation.) Tissue samples were col- 
lected from four 5- to 6-yr-old, 3.5- to 4-m male and female giraffes in Africa, in 1985, and from 
three newborn and two 5-m female adult giraffes (ages 25 and 35) from the Cincinnati and Cheyenne 
Mountain zoos. Arteries were obtained from the neck and forelimbs (carotid and digital arteries, 
respectively) and fixed in 10% buffered formalin before processing. Arterioles and other microcircu- 
latory vessels were sampled from skin and muscle of the head, neck, thorax, legs, and feet. Medial 
and lateral menisci were collected from the hindlimbs of two newborn and the two older female 
giraffes. Cell and vascular densities were measured in 6-pm-thick cross sections of each meniscal 
region. The results indicate that cell densities are significantly higher, in most regions studied, in the 
menisci of newborn giraffes than in those of adult giraffes (fig. 10). 

Arteries of the feet are sometimes exposed to blood pressures of greater than 400 mm Hg in adult 
giraffes (Hargens et al., 1987b). These vessels have developed pronounced smooth-muscle hypertro- 
phy and narrowed lumens in response to their extraordinary blood pressures. Our previous finding of 
a less than normal arterial pressure gradient from heart to foot in the upright, stationary giraffe 
(Hargens et al., 1987a) suggests that the reduction in lumen cross-sectional area plays some role in 
blood pressure reduction in dependent tissues. The arterial wall hypertrophy was apparently confined 
to dependent vessels with diameters of over 400 pm in adults, and was not observed in newborn 
giraffes or in vessels near the head in adult giraffes. 

Although we did not have the opportunity to measure blood pressures in newborn giraffes, stud- 
ies of humans (Guyton, 1977) and other species support the hypothesis that arterial pressures of baby 
giraffes are significantly lower at heart level and in dependent tissues than are those of adult giraffes. 
It was apparent that dependent arteries in adults had much thicker walls than did those in newborn 
giraffes (fig. 1 1). This arterial wall hypertrophy correlated directly with the degree of tissue depen- 
dency (table 1); wall-thickness-to-lumen-size ratios of large arteries increase from head to foot. In 
the tissues that we examined, arterial wall hypertrophy was restricted to vessels with outer diameters 
greater than 400 pm. 

The lower cell and vascular densities observed in adult giraffe menisci may be related to 
increased load-bearing and occlusion of the microcirculation during ambulation in the growing 
giraffe. In adult humans, blood perfusion of the meniscus is confined to its peripheral 10-25% 
(Danzig et al., 1983), and human menisci lose vascularity during development from fetus to adult 
(Clark and Ogden, 1983). Regions of the rat meniscus adapt differently, both morphologically and 
biochemically, to prolonged load-bearing exercise (Vailas et al., 1986). Other changes observed 


4 


during meniscal development in rabbit cell cultures include differentiation of cell types and 
proteoglycan-producing capacity (Webber et al., 1986). The lower cell density that we observed in 
adult giraffe specimens may represent an adaptation to decreased vascular density and poorer nutri- 
tion of central regions 2 and 5 as previously postulated by Smillie (1978). As reported earlier for the 
rat (Vailas et al., 1985), we observed calcium deposits in menisci of aged giraffes. 

More studies of the developmental biology of giraffes are needed to elucidate mechanisms by 
which tissues adapt to aging and increased weight-bearing. Such knowledge may provide useful 
information for understanding the effects of weightlessness on load-bearing tissues and for develop- 
ing countermeasures to aid readaptation of these tissues to normal gravity after prolonged space 
flight. 


CARDIOVASCULAR ADAPTATIONS TO GRAVITY IN THE GIRAFFE 


This section reviews our recent results (Hargens et al., 1987a, 1987b) concerning hemodynamics 
and fluid balance in the giraffe as they pertain to gravitational physiology. By virtue of its stature, 
the giraffe provides a sensitive animal model for investigating adaptive mechanisms to high blood 
pressure in a normal gravitational field. Among the mammals, adult giraffes are unique because they 
grow to a height of 5 or 6 m and spend most of the time in an upright posture. Previous physiological 
studies of the giraffe have focused on arterial blood pressures at various levels of the head and neck 
(Goetz et al., 1960; Patterson et al., 1975; Van Citters et al., 1968; Warren, 1974). Briefly, these 
investigations demonstrated that arterial pressure near the giraffe heart, in order to provide sufficient 
blood pressure and perfusion to the brain, is about twice that in humans. An important question is 
how tall animals avoid pooling of their blood and other fluids in dependent tissues. If a 5.5-m-tall 
giraffe has a mean arterial pressure of 200 mm Hg at heart level, the mean arterial pressure in the 
feet may exceed 400 mm Hg, as previously stated. As reported by Warren (1974), the Danish physi- 
ologist August Krogh speculated that colloid osmotic pressure in the blood must be very high in 
giraffes’ feet in order to prevent edema. Before our expedition in 1985, however, no one had actually 
measured colloid osmotic or hydrostatic pressures in blood or tissue of giraffe feet. 

The forces that regulate transcapillary fluid balance were first identified by the British physiolo- 
gist Ernest Starling (1896). Transcapillary fluid pressures are commonly called “Starling pressures,” 
and are represented as P c , Pt, ^c and 7tt (fig. 12) in the following formulation of transcapillary fluid 
flow, J c : 


J c = LpA[(P c - P t ) - Op (7t c - TC t )] 


( 1 ) 


where L p is fluid conductivity, A is the capillary membrane surface area, and a p is the protein 
reflection coefficient for the capillary membrane (Hargens, 1987). 

During the 1985 expedition, eight 3- to 4-m male and female giraffes were studied with respect 
to their Starling pressures, regional blood flow, and histomorphology. (As part of a culling program 
in South Africa, two of these eight giraffes were killed by a local butcher, who allowed harvesting of 
multiple tissue samples from various regions of the giraffes’ bodies.) Separately, arterial and venous 
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blood pressures were determined by using saline-filled, polyethylene catheters connected to pressure 
transducers kept level with each catheter tip. This method also allowed periodic sampling of arterial 
and venous blood for determination of colloid osmotic pressure by the technique of Aukland and 
Johnson (1974). Concurrently, interstitial fluid pressure, Pt, was measured by the wick catheter tech- 
nique (Hargens et al., 1981), still maintaining the pressure transducer level with the catheter tip. 
Empty wick catheters were used to collect 5-|il samples of interstitial fluid for determination of col- 
loid osmotic pressure. Jugular vein pressures were measured as a function of hydrostatic height in 
three giraffes using the Millar Mikrotip transducer. These venous pressures, P v , were determined 
without a saline-filled catheter because the pressure-sensing surface was at the catheter tip. These 
measurements were correlated with the results of studies of venous valve spacing in dissected veins. 
Local blood flow in neck and leg tissues were measured by the Xe-133 washout procedure 
(Henrikson, 1977). These initial studies were done with the giraffes in a stationary upright posture. 
The giraffes were sedated with a mixture of detomidine and azaparone during all catheterizations and 
bloodflow measurements. Subsequently, a radiotelemetry system was mounted in a backpack at the 
base of each giraffe’s neck. This allowed continuous monitoring of blood and interstitial fluid pres- 
sures while the giraffe moved about during normal day and night activities. 

Mean values for arterial and venous pressures qualitatively matched the expected gravitation 
pressure gradients, with the heart used as a reference for fluid discontinuity between the head and the 
foot (fig. 13). Although capillary blood pressure, P c , was not measured directly in the giraffe, it is 
probably near P v (150 mm Hg) in the feet and 10-20 mm Hg at the top of the neck (Hargens et al., 
1987b). Surprisingly, blood colloid osmotic pressure, K c , was identical in the giraffe and the human, 
thus 7t c in the giraffe foot offers no unusual resorptive pressure for preventing dependent edema. 
Although some Pt measurements in the neck were negative, average body Pt ranged between 1 and 
6 mm Hg, except under the tight skin and fascia of the extremities, where mean P t was 44 mm Hg. 
Interestingly, interstitial fluid colloid osmotic pressure, 7t t , was very low (1 mm Hg) except in foot 
samples, which were contaminated by blood. This finding provides evidence that giraffe capillaries 
are highly impermeable to plasma proteins and that a p approximates unity. This conclusion is 
supported by studies of peripheral lymph which indicated that only trace amounts of protein were 
present and 7tiy mp h equalled zero. 

Bloodflows in skeletal muscle of the neck and the leg at rest both averaged 4 ml • min - ' • 100g“* . 
Therefore, it is apparent that arteriolar smooth muscle is effective in normalizing bloodflow in the 
leg despite significantly higher arterial perfusion pressures. The presence of precapillary sphincters 
and pronounced arterial and arteriolar wall hypertrophy in dependent tissues were prominent 
findings of our giraffe histomorphometric studies. 

Inserting our values for the Starling pressures into Eq. (1) yields a net resorptive pressure of 
-7 mm Hg in the giraffe neck and net filtration pressures of +88 to +152 mm Hg in tissues of the leg. 
These calculations suggest that giraffes in an upright, stationary posture are susceptible to dependent 
edema. However, our radiotelemetry data for the giraffe foot indicate that arterial pressure, P a , (rang- 
ing from 70 to 380 mm Hg), P v (-250 to +240 mm Hg) and P t (-120 to +80 mm Hg) are highly vari- 
able during normal ambulation. Consequently, it appears that there is an effective pumping mecha- 
nism in the vascular and interstitial spaces for moving blood and interstitial fluid against gravity. The 
tight skin and fascial layers of the giraffe leg provide a functional “antigravity suit” to prevent pool- 
ing of blood and interstitial fluid in dependent tissues. 
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With regard to adaptation to high gravitational pressures in its cardiovascular system, the giraffe 
is certainly unique. The edema-preventing mechanisms detected in giraffe legs include ( 1 ) variable 
and sometimes negative P v and Pt; (2) impermeable capillary membranes to retain intravascular pro- 
teins; (3) arterial wall hypertrophy and vasoconstriction to reduce dependent bloodflow (Nilsson 
et al., 1988); (4) a prominent lymphatic system; and (5) skin and fascial antigravity suit combined 
with one-way valves in the veins and lymphatics to reduce venous capacity and to propel blood and 
peripheral lymph upward against a gravitational pressure gradient. This study demonstrates that 
intravascular and interstitial fluid pressures are highly variable during normal exercise and that 
studies of recumbent and upright stationary animals may give misleading information about tran- 
scapillary fluid balance. In zoos, sick giraffes die soon after assuming the recumbent position. Also, 
our results for static, upright animals provide an incomplete picture. Normal exercise with concomi- 
tant pumping of interstitial fluids, venous blood, and peripheral lymph (both of the latter aided by 
one-way valves) is important for edema prevention in dependent tissues. In this context, it is note- 
worthy that taller mammals (e.g., giraffes and humans) have tight fascial layers around their lower 
extremities, whereas shorter mammals (e.g., rats and rabbits) do not. The cyclical compression and 
decompression associated with muscular activity and the tight fascial enclosures (Sejersted et al., 

1 984) explain the highly variable P a , P v , and Pt that were observed. 

The existence of impermeable capillaries in the giraffe tends to raise TC c and lower Ttt, but also, 
this relative impermeability may importantly reduce Lp through the capillary membrane, allowing 
the lymphatic system to carry away any excess interstitial fluid that forms. In addition, from our 
Xe-133 washout results, it is apparent that precapillary vasoconstriction normalizes blood flow and 
reduces the capillary filtration area in dependent tissues (see eq. (1)). 

Some anatomical adaptations of giraffes and humans obviously represent developmental adjust- 
ments to high and variable gravitational pressures. For example, the important work of Williamson 
et al. (1971) documents that capillary basement membrane thickness increases twofold from neck 
muscle to leg muscle of adult giraffes and humans. On the other hand, such membranes in the human 
fetus are uniform and considerably thinner than those in children and adult humans. A thicker capil- 
lary membrane in dependent tissues of the adult provides anatomical evidence for lower permeability 
to plasma ultrafiltration across the capillary. In this context, it would be valuable to investigate alter- 
ations of edema-preventing parameters in human legs during long-term exposure to microgravity and 
subsequent readjustment to Earth’s 1 g or to hypergravity conditions on a larger planet. It is possible 
that the smooth-muscle tone of precapillary arterioles and lymphatic vessels in dependent tissues is 
lost during long-term space flight in the absence of countermeasures. Long-term bed rest studies of 
edema-preventing mechanisms in humans may elucidate the time course of this postulated vascular 
deconditioning. The effect of long-term microgravity on fascia and other connective tissue structures 
needs careful assessment as well. Such studies should provide knowledge about mechanisms and 
rates of deconditioning and reconditioning in space travelers as well as in patients exposed to long- 
term bed rest. 

The pressure gradient down the giraffe’s jugular vein was about one-tenth that expected for a 
continuous column of blood (fig. 14). The nonhydrostatic pressure gradient indicates that blood 
flows down from the head in a discontinuous column and that circulation above heart level does not 
depend upon a siphonlike principle (Seymour and Johansen, 1987) as recently proposed (Badeer, 
1986, 1988; Hicks and Badeer, 1989). Moreover, if the siphoning mechanism were important, 
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giraffes wouldn’t need such high arterial pressures as those that we and others have measured at 
heart level. The abundance of valves in the head and distal neck compared to their sparseness in the 
proximal neck indicates their importance for preventing retrograde venous flow, as in the short 
periods when the giraffe’s head is lowered below heart level during drinking. 

The results obtained in these studies of the giraffe suggest avenues of future gravitational physi- 
ology research in giraffes and in other animals, including humans. For example, adaptations to head- 
down drinking in the giraffe require further study to determine whether intracranial hypertension is a 
problem in this posture. Cerebrospinal fluid pressures should be measured in various positions and 
activities. Lymphatic flow and pressures warrant detailed studies in upright giraffes and in patients 
exposed to long-term bed rest. More complete histomorphometric studies would provide information 
about the anatomical basis of the physiological mechanisms involved in edema prevention. Sleep 
patterns in the giraffe should be studied because of the lack of recumbency. Fascia and skin compli- 
ance should be studied in the legs of various animals. Studies of other gravity-sensitive animals 
(e.g., snakes (Lillywhite, 1985), and tall birds such as ostriches and flamingoes) are indicated. 
Finally, better and more complete studies of venous pressures from the head into the thoracic cavity 
and the right ventricle are needed. 
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Table 1. Ratios of smooth-muscle wall thickness/lumen ratios (w/r) 
for arteries from the neck to the feet of adult giraffes. 
(Modified from Hargens et al., 1988). 






Figure 2. Compression-type osmometer for measuring swelling pressure of nucleus pulposus. Left: 
Plexiglas osmometer mounted on stand with nitrogen gas inlet at top. The osmometer is connected to 
a nitrogen gas source, a precision pressure gauge, and a pressure transducer. Trans-membrane pres- 
sure gradients are continuously monitored by a strip-chart recorder. Right: cross-section of osmome- 
ter with sealing of membrane by crimp rings (CR) on the screw-down Plexiglas plate. Nucleus pul- 
posus is placed in the sample well (SW) on top of the membrane (M). Pressure gradients across the 
membrane are transmitted by the saline fluid column (S) and monitored by the pressure transducer 
(PT) which is fitted tightly to the bottom of the osmometer using an O-ring seal (OR). (From 
Glover, et al., 1991) 
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Figure 3. Swelling pressures of rabbit disks as related to age. 
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Figure 4. Swelling pressures of disks compared to species’ weight. 
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Figure 7. Cross-section of meniscus with regions of study depicted. Total volume of tissue studied in 
each block was 243,000 pm 3 . 



Figure 8. Cell densities in posterior medial menisci of old rabbits compared to those of young 
rabbits. 
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Figure 9. Metabolic activity of posterior medial meniscal cells old rabbits compared to those of 
young rabbits. 
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Figure 10. Meniscocyte density in anterior portion of lateral menisci from newborn versus adult 
giraffes. 
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Figure 11. Four-hundred-micron-diameter arteries from foot skin of adult (top) compared to newborn 
(bottom left) giraffe. (From Hargens, et al., 1988) 
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Figure 12. Starling pressures that govern fluid exchange across the capillary membrane are filtration 
pressures (capillary blood pressure, P C) and interstitial fluid colloid osmotic pressure, 7t t ) and resorp- 
tive pressure (blood colloid osmotic pressure, 7t c ). Interstitial fluid pressure, Pt, is sometimes positive 
(favoring resorption) and sometimes negative (favoring filtration). Precapillary sphincter (P.S.) 
muscles regulate capillary flow and pressure, especially in dependent tissues. (From Hargens, 1987). 
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Figure 13. Mean arterial (P a ), venous (P v ), suk! Starling (Pc, Kq, Pt, and 7it) pressures in giraffe (right) 
as compared to human (left) at hydrostatic levels between the head and feet. 



Figure 14. Pressure as a function of hydrostatic height in the jugular vein and intervalve distances in 
the giraffe neck and leg. (From Hargens, et al., 1987a). 
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